Background: Edasalonexent is an orally administered small molecule designed to inhibit NF-κB, which is activated from infancy in Duchenne muscular dystrophy and is central to causing muscle damage and preventing muscle regeneration. Objective: Evaluate the safety, tolerability, pharmacokinetics and exploratory pharmacodynamics of three doses of edasalonexent in ambulatory males ≥4 to <8 years of age with genetically confirmed Duchenne muscular dystrophy. Methods: This was a 1-week, open-label, multiple-dose study with 3 sequential ascending doses (33, 67 and 100 mg/kg/day) of edasalonexent administered under different dietary conditions to 17 males with a mean age of 5.5 years. Results: All doses of edasalonexent were well tolerated, with no serious adverse events, no drug discontinuations and no dose reductions. The majority of adverse events were mild, and the most common adverse events were gastrointestinal (primarily diarrhea). Edasalonexent was rapidly absorbed with peak levels observed 2-6 hours after dosing and exposures appeared to increase nearly proportionally to dose for the 2 lower and all 3 doses under low-fat and high-fat meal conditions, respectively. Only minor plasma accumulation of edasalonexent was observed with 7 days of dosing. After treatment with edasalonexent for 7 days, levels of NF-κB-regulated genes and serum proteins were decreased. Conclusions: This first report of edasalonexent oral administration for one week in male pediatric patients with Duchenne muscular dystrophy showed that treatment was well tolerated and inhibited NF-kB pathways.
INTRODUCTION
Duchenne muscular dystrophy (DMD) results from mutations in the X chromosome DMD gene coding for the cytoskeletal protein dystrophin and is the most common genetic neuromuscular disease 44 
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of childhood, affecting 1 in 3,500-6000 male births [1, 2] . DMD manifests clinically as progressive symmetric muscle weakness and degeneration with loss of contractile function and is uniformly fatal with death most often resulting from cardio-pulmonary complications in early-to mid-adulthood [3] .
Treatment options for DMD management are limited. Eteplirsen is a DMD-specific therapy approved in the US for patients with confirmed dystrophin mutations amenable to exon 51 skipping, which affect approximately 13% of the DMD population [4] . The glucocorticoid deflazacort is approved for patients with DMD older than 5 years of age. Glucocorticoid treatment with prednisone or deflazacort improves cardiopulmonary function and delays loss of motor milestones [5] [6] [7] [8] [9] , but is associated with multiple side effects that can limit treatment, including Cushingoid facies and habitus, growth inhibition/pubertal delay, behavioral changes and osteoporosis, particularly with daily dosing [6, 10] . Glucocorticoids also can disrupt expression of genes involved in muscle degradation and regeneration [11] leading to chronic myopathies that contribute to proximal muscle weakness [12] . Among 1564 US DMD registry patients surveyed through 2011, 36% had never used glucocorticoids and 10% discontinued their use [13] .
An unmet need remains for DMD diseasemodifying drugs that are well tolerated and effective regardless of dystrophin mutation, and that can be used in combination with drugs directly targeting dystrophin expression. Edasalonexent (CAT-1004, [N-(2-((4Z,7Z,10Z,13Z,16Z,19Z)-docosa-4,7,10,13, 16,19-hexaenamido) ethyl)-2-hydroxybenzamide]), is a bifunctional, orally administered novel small molecule that covalently links two bioactives: salicylic acid and docosahexaenoic acid (DHA) [14] . Edasalonexent synergistically leverages the ability of the two compounds to inhibit the transcription factor NF-κB [14] . In a Phase 1 study in adults, NF-κB activity in peripheral mononuclear cells was inhibited following a single dose of edasalonexent but not by equimolar doses of salicylic acid and DHA [15] . Chronic activation of NF-κB is a key driver of muscle degeneration and suppression of muscle regeneration in DMD [16] [17] [18] [19] [20] , which occurs early in the disease process and precedes loss of muscle function [21] . Salicylic acid prevents NF-κB mediated muscle atrophy and decreases protein catabolism in muscle [22] [23] [24] . DHA has been shown to upregulate anti-inflammatory pathways and suppress pro-inflammatory pathways via modulation of NF-κB activity [25, 26] . In addition, DHA is metabolized intracellularly to anti-inflammatory eicosanoids [27] [28] [29] [30] . Edasalonexent is endocytosed and hydrolyzed by intracellular fatty acid amide hydrolase (FAAH) to release salicylic acid and DHA in the intracellular compartment [14] , thus having a potential advantage of selectively delivering higher doses in target muscle cells where FAAH is abundant. In human skeletal myoblast cultures using radiolabeled edasalonexent, the three major metabolites were identified as linker-salicylic acid, salicylic acid, and salicyluric acid (i.e., glycine conjugate of salicylic acid) [31] . Multiple metabolites of the DHA moiety (via oxidation, or oxidation and conjugation pathways), were identified in primary human hepatocytes [31] .
Edasalonexent inhibits NF-κB p65-dependent inflammatory responses as well as downstream proinflammatory genes modulated by p65 in the golden retriever DMD model [32] . Preclinical studies of a closely related compound inhibiting NF-κB showed reduction in muscle degeneration and promotion of muscle regeneration and function in both mice and dogs [32] . In Phase 1 studies in adults, edasalonexent was well tolerated and showed rapid and saturable oral absorption with minimal accumulation after multiple doses, and inhibited activated NF-κB pathways [15] . Food increased plasma exposures of both edasalonexent and salicyluric acid, an intracellularly formed major metabolite of salicylic acid. The primary objective of this Phase 1 portion of a Phase 1/2 study (NCT02439216) was to assess the safety and tolerability of edasalonexent with a secondary objective to assess the PK of edasalonexent in pediatric patients with DMD under different dietary conditions in order to provide guidance for dosing in the Phase 2 portion of the study. The Phase 2 portion of the study was planned to examine the effect of edasalonexent on muscle magnetic resonance imaging (MRI) and age-appropriate functional measures.
METHODS

Study participants
All subjects gave written informed consent prior to study participation. The study was approved by independent Ethics Committees at all 3 sites and conducted in accordance with the Declaration of Helsinki and Good Clinical Practice guidelines as set forth by the International Conference on Harmonization (ICH) and the U.S. Code of Federal Regulations.
Males ≥4 to <8 years of age with a diagnosis of DMD based on clinical phenotype and DMD mutation were enrolled if they were able to ambulate independently with or without assistive devices. Only patients adequately vaccinated or with acquired immunity for Varicella virus and vaccinated for influenza were included. Exclusion criteria included corticosteroid use within 6 months of the study since glucocorticoids may modulate NF-κB activity and could thus interfere with attribution of edasalonexent effects. Patients with prior or ongoing medical conditions that could affect patient safety or impair assessment of study results were excluded.
Baseline disease status assessments included those used in DMD clinical trials and natural history studies [33] [34] [35] [36] [37] [38] such as age-appropriate timed function tests, [(including the 10 m walk/run, time to climb 4 stairs, and time to stand), the North Star Ambulatory Assessment (NSAA), which is a multi-component functional assessment developed for DMD, and a caregiver-reported quality of life and physical function measure [Pediatric Outcomes Data Collection Instrument (PODCI)]. Timed functional assessments, the NSAA, and quantitative muscle testing were administered by trained physical therapists. These assessments serve as baseline measurements to determine disease progression during the period up to the baseline of the Phase 2 portion of the study.
Study design
This was a 1-week, open-label, multiple-dose study with 3 sequential ascending doses of edasalonexent under different dietary conditions (i.e., administration with low-fat and high-fat meals) designed to assess tolerability and determine dosing regimen that would be used in the Phase 2 portion of the study. Edasalonexent was supplied as 100 mg and 250 mg softgel capsules. To maximize exposure for safety assessments in this first study in pediatric patients, edasalonexent was administered under high fat meal conditions for most of the first week (Days 2-6). A factorial design was used to assess PK under a randomized sequence of high-and low-fat meal conditions on Days 1 and 7. This design permitted assessment of both dosing duration and dietary conditions in a way that minimized time and sample volumes for young patients.
Following 1-week screening to assess eligibility and a baseline assessment to characterize DMD disease status, single oral doses of 17, 33, or 67 mg/kg/day were administered to patients in Cohorts 1, 2 and 3, respectively, on the mornings of Days 1 and 7. Patients within each cohort were randomized 1:1 to receive edasalonexent with a low-fat meal (approximately 0.4 g/kg) on Day 1 and a high-fat meal (approximately 1 g/kg) on Day 7, or a high-fat meal on Day 1 and a low-fat meal on Day 7. This factorial design was based on previous data in adults showing minimal accumulation over 14 days. Pooling Day 1 and 7 data for high-vs. low-fat meals allowed assessment of PK to plan dietary guidance in future clinical trials. Plasma samples were collected up to 24 hours post-dose on Days 1 and 7 for evaluation of PK. In addition, a 24-hour and a 9-hour interval urine collection on Days 1 and 7 post-dose, respectively, were performed for evaluation of metabolite urine PK parameters. On Days 2 through 6, patients received edasalonexent with high-fat meals at total daily doses of 33, 67 and 100 mg/kg/day. Study design and dosing schedule are shown in (Fig. 1) . A safety follow-up visit occurred 14 days after the last dose.
Endpoints
Safety and tolerability of edasalonexent, and the effects of a low-and high-fat meal on exposure following edasalonexent dosing were the primary endpoints. Exploratory endpoints included pharmacodynamic evaluation of levels of serum proteins, and expression of NF-κB-regulated genes in whole blood.
Assessments Blood and urine samples
Blood samples for determination of plasma concentrations of edasalonexent, and its metabolites salicyluric acid, linker-salicylic acid, linker-DHA and salicylic acid were drawn on Days 1 and 7 for up to 24 hours post-dose. Urine collections were performed on Day 1 (24 hours) and on Day 7 (from pre-dose until 9 hours post-dose) to determine metabolites. Blood samples for evaluation of biomarkers of inflammation and muscle damage and gene expression were collected on Day 1 and Day 7 (pre-dose and 2 hours post-dose).
Pharmacokinetics
Edasalonexent, salicyluric acid, linker-salicylic acid, linker-DHA and salicylic acid in blood and sal-icylic acid, linker-salicylic acid, and salicyluric acid were determined using validated high-performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS) methods at Celerion (Lincoln, NE). The lower limits of quantitation (LLOQ) values were 1.00, 2.50, 2.00, 2.00 and 100 ng/mL for edasalonexent, salicyluric acid, linker-salicylic acid, linker-DHA, and salicylic acid in blood, respectively. LLOQ values in urine were 200, 20.0, and 20.0 ng/mL for salicylic acid, linker-salicylic acid, and salicyluric acid, respectively.
Noncompartmental PK parameters were calculated including AUC inf , AUC last , C max, t max. and terminal elimination half-life (t 1/2 ). Oral clearance (CL/F), and apparent volume of distribution (Vz/F) were determined for Day 1 dosing only.
Urine PK parameters were calculated including amount of metabolite excreted in the urine during the collection interval (Ae) and percentage of the dose excreted in the urine (%Fe) on a molar basis.
Safety
Safety assessments included clinical laboratory evaluations (hematology, chemistry, coagulation, adrenal function, and urinalysis), physical examinations, adverse events, 12 lead ECGs, and vital signs (blood pressure, pulse, temperature, and respiration). Vital signs, physical exams, clinical labs, and ECGs were assessed/conducted at baseline (predose), throughout the treatment period, and at the end of dosing. Adverse events were monitored throughout treatment and at the follow-up assessment.
Pharmacodynamics
Gene expression analysis of a predefined group of 200 NF-κB-regulated genes (Broad Institute curated HALLMARK NF-κB gene-set [39] ) was evaluated via mRNA Sequencing (Illumina) on RNA isolated from whole blood (PAXgene Blood mRNA Kit, PreAnalytix).
Statistics
Plasma concentrations of edasalonexent and metabolites were summarized by treatment group and day using descriptive statistics, as were urine metabolite parameters. The effect of low-versus high-fat meal on edasalonexent PK parameters was evaluated by comparing ln-transformed PK parameters C max , AUC last , and AUC inf using an analysis of variance (ANOVA) model using PROC MIXED of SAS ® (Version 9.1.3), with sequence, study day (Day 1 or Day 7), meal type as fixed factors, and patient within sequence as a random factor.
Descriptive statistics were reported for all safety assessments and no inferential statistics were performed. ECG results were classified as normal, abnormal not clinically significant, or abnormal clinically significant. Descriptive statistics were calculated for pharmacodynamic data as well as for the difference from baseline and differences between groups. Two-tailed Wilcoxon matched-pairs signed rank test was used to compare changes from baseline in gene expression.
RESULTS
Study participants
Eighteen patients were screened, and 17 were enrolled from June 2015 to December 2015, with one patient failing screening due to difficulty with trial procedures. None of the 17 participants had received glucocorticoid therapy prior to enrollment. Figure 1A shows the progression of enrolled patients in the study. All enrolled patients were able to swallow capsules and all completed 7 days of treatment without treatment interruption, dose reduction, or early withdrawal. Six patients received 100 mg capsules and 11 received 250 mg capsules. Patient compliance as assessed by diary and observation was >99%.
Demographics and baseline disease characteristics are shown in Table 1 . The majority of patients were white and mean age (SD) was 5.5 (0.94) years. At baseline, functional assessments showed reduction in ambulation, endurance and quality of life consistent with previous reports for this patient population and in comparison to healthy age-matched controls [40] [41] [42] . (Normative data for timed assessments: 10 m walk/run: 3.4 seconds; 4-stair climb: 1.4 seconds; and TTS: 2.1 seconds)
Pharmacokinetics
Plasma concentrations of edasalonexent and metabolites were determined predose and from 1 to 24 hours after dosing on Days 1 and 7. Plasma pharmacokinetic parameters on Days 1 and 7 are summarized in Table 2 . Mean plasma edasalonexent and salicyluric acid concentrations over time on Day 1 and Day 7 for the three dose cohorts are shown in ( Fig. 2A  and B) . Edasalonexent was rapidly absorbed with median t max ranging from 1.5 to 2.1 hours on Days 1 and 7 for all 3 doses with the exception of 17 mg/kg dose on Day 1 where median t max was 6.1 hours. Only minor accumulation of edasalonexent was observed following 7 days of repeated oral dosing. Elimination was variable, and dose-independent. Mean t 1/2 ranged from 5.4 to 10.4 hours across 3 doses. Apparent volume of distribution and clearance estimates at both 33 and 67 mg/kg doses on Day 1 were high. Plasma pharmacokinetic parameters under highfat and low-fat meal conditions are summarized in (Table 3) . Edasalonexent was rapidly absorbed, with mean plasma t max values ranging from 1.9 to 4.2 hours and from 1.7 to 5.1 hours across dose levels under low-fat and high-fat meal conditions, respectively. Mean terminal half-life values were similar between low-fat (6.6 to 11.5 hours) and high-fat (6.7 to 9.8 hours) meal conditions. AUC and C max under low-fat and high-fat meal conditions for Day 1 and Day 7 pooled data are shown in (Fig. 2C) . When given with a high-fat meal, edasalonexent exposures appeared to increase nearly proportionally to dose for all 3 doses (single doses of 17, 33, and 67 mg/kg).
When edasalonexent was administered with a low-fat meal, AUC and C max increased from 17 to 33 mg/kg dose and appeared to plateau at 33 and 67 mg/kg doses.
Metabolites of edasalonexent, including linkersalicylic acid, linker-DHA, free salicylic acid and its metabolite salicyluric acid were also measured. As shown in (Table 2) , only minor accumulation of salicyluric acid and linker-salicylic acid was observed following 7 days of repeated oral dosing of edasalonexent. Elimination was variable, and doseindependent. Mean t 1/2 of salicyluric acid ranged from 5.8 to 23.1 hours across 3 doses. Similar results for metabolite PK parameters were observed when edasalonexent was administered under low-fat and high-fat meal conditions (Table 3) . Salicyluric acid levels mirrored the edasalonexent mean concentration profile and exposure was comparable in molar concentrations. Linker-DHA was not detectable and linker-salicylic acid levels were much lower than either edasalonexent or salicyluric acid levels. Salicylic acid was only sporadically detectable above the lower limit of quantitation.
In urine, a maximum of 4% of the dose was excreted as salicyluric acid, with very low (<0.1%) amounts as linker-salicyluric acid or salicylic acid. Amounts of salicyluric acid generally increased in a dose proportional manner. 
Safety and tolerability
During the 7 days of dosing, 30 treatmentemergent adverse events were reported by 12/17 (70.5%) patients. All events were mild in severity except for 3 events of moderate severity (fall, upper abdominal pain and diarrhea in 3 individual patients). Gastrointestinal complaints were the most commonly reported events (17 events in 10 patients). Diarrhea was the most common event (7 events in 4 patients) followed by soft stool (3 events in 3 patients), constipation (3 events in 1 patient), vomiting (2 events in 2 patients), and upper abdominal pain (2 events in 2 patients). The list of all adverse events are shown in (Table 4 ). Diarrhea (typically described as soft stool) was common at the total daily dose of 100 mg/kg/day, but none of the patients required or received concomitant medications as treatment.
There were no serious adverse events, dosing interruptions, dose reductions, or discontinuations due to adverse events. Vital signs, blood chemistry, hematology, coagulation and ECG parameters remained similar to baseline values during the 7 days of edasalonexent administration and at the Day 21 follow-up assessment. As expected in patients with DMD, ALT, AST, CK, and LDH levels were elevated from baseline through Day 7 in all patients regardless of cohort/dose level, with no apparent trends related to treatment or dose. Most (10/17, 58.8%) patients also presented with ECG abnormalities at baseline, including 2 patients (1 each in Cohorts 1 and 2) with biventricular hypertrophy and ECG abnormalities assessed as clinically significant at screening. No patient with a normal, or non-clinically significant abnormal ECG at baseline developed a clinically significant ECG abnormality during the study. Whole blood mRNA was isolated at baseline and after 1 week of edasalonexent administration. Gene expression was measured in gene sets with (unshaded area) and without (shaded area) enrichment for NF-κB-regulated genes.
Pharmacodynamics
In order to monitor direct short-term activity of edasalonexent on NF-κB in circulating blood cells, expression of NF-κB target genes were assessed in mRNA from whole blood of patients at baseline and after administration of edasalonexent for 1 week. Compared with baseline, the NF-κB-target enriched gene-set was significantly inhibited at the 67 and 100 mg/kg/day doses with mean fold-change difference of -0.1622, and -0.1518, respectively, when compared to the unenriched genes (Fig. 3A) . There was no significant difference in unenriched genes among the different dose groups.
DISCUSSION
Contraction-induced damage in muscles of patients with DMD results in chronic activation of inflammatory responses [16] . Chronic activation of NF-κB is initiated early in the disease process, preceding loss of muscle function and [21] , and drives muscle degeneration and suppresses muscle regeneration [16] [17] [18] [19] [20] . NF-κB signaling pathways are most prominently elevated in skeletal muscles undergoing mechanical stress, (e.g., posterior leg muscles) [43] , which show disproportionate inflammation, muscle degeneration, and fibrosis in animal models [44, 45] and in patients [38, 46] . In contrast, muscles of DMD patients exposed to minimal mechanical stress (e.g., thigh gracilis and sartorius muscles and extraocular muscles), while dystrophin-deficient, have less NF-κB activation and also significantly less pathology [44] [45] [46] . Inhibition of NF-κB pathways in mdx mice [18, 47, 48] significantly improves histology, function, and muscle regeneration, even with a partial reduction in NF-κB activity achieved by removal of only 1 allele of the p65 subunit of NF-κB [18] . Therefore, targeting NF-κB in DMD may provide a disease-modifying therapeutic approach that is independent of the specific mutation in the dystrophin gene.
Edasalonexent inhibits activated NF-κB pathways and was well tolerated during Phase 1 studies in adults [15] . In this initial one-week study in boys with DMD, edasalonexent was generally well-tolerated, with all patients completing the 1-week study without serious adverse events or dose reductions. Baseline laboratory and ECG abnormalities consistent with clinical observations in DMD patients [49, 50] were not changed following edasalonexent treatment. Studies of longer duration are needed to fully evaluate the safety of edasalonexent in boys with DMD.
Pharmacokinetic assessments were consistent with intact absorption and intracellular cleavage of edasalonexent to salicylic acid, which is subsequently converted to salicyluric acid, and DHA. Edasalonexent exposure was dose dependent and exposure was greater at the higher dose (i.e., 67 mg/kg) when administered with a high-fat meal compared to a lowfat meal, consistent with data reported in healthy adults. Exposures of edasalonexent were generally consistent with those observed in healthy adults on a mg/kg basis [15] . Preliminary population pharmacokinetic modeling showed PK of edasalonexent was not impacted by age (data not shown). Salicyluric acid profiles mirrored the edasalonexent mean concentration profile. Similar to those observed in healthy adults, mean exposures of salicyluric acid were approximately 1.4-to 4.5-fold higher on molar basis than those of edasalonexent [15] . Linker-DHA and linker-salicylic acid, which would be expected to remain intracellular, were not detectable, or only sporadically detectable in plasma. Consistent with plasma observations, very low amounts of linkersalicylic acid and salicylic acid was excreted in urine. Urinary salicyluric acid profiles in pediatric patients with DMD were consistent with previous observations in adults on a mg/kg basis [15] .
Edasalonexent plasma levels were consistent with those previously measured in adults at which inhibition of NF-κB was seen [15] , and exceeded plasma levels measured in the mdx mouse associated with reduced muscle inflammation and degenerating fibers, and increased regenerating muscle fibers [32] .
Contraction-induced muscle damage and associated muscle inflammation can lead to a small increase in measures of systemic inflammation in DMD [51] . The increased systemic inflammation is likely to be the result of NF-κB activation in circulating peripheral blood mononuclear cells induced by intracellular muscle components released during damage [52] .
As an exploratory biomarker to assess effects on NF-κB signaling, whole blood gene expression was assessed by mRNA sequencing. Compared with baseline, a prespecified NF-κB signaling pathway gene set was significantly downregulated following treatment with edasalonexent for 7 days at the 2 higher doses of 67 and 100 mg/kg with a statistically significant dose response using regression analysis. This shows that with short-term dosing, edasalonexent can directly reduce the levels of elevated NF-κB in circulating DMD mononuclear cells prior to any changes observable in muscle. In contrast to whole blood mRNA, which is derived from circulating immune cells in the blood, levels of protein in circulation can originate from damaged tissues, such as the detection of elevated levels of musclespecific proteins in DMD serum [53] . Longer term treatment with edasalonexent would be expected to lower circulating levels of these inflammation and muscle-damage associated proteins, concurrent with expected improvement in muscle pathology. Since removal of just 1 allele of the p65 subunit of NF-κB was sufficient to improve pathology in mdx mice, complete inhibition of NF-κB may not be necessary for improvement in muscle pathology and function [18] . The ability of edasalonexent to block NF-κB and maintain or allow replenishing of the progenitor population even partially, could have disease-modifying impact in patients with DMD. Since inhibition of NF-κB by edasalonexent is independent of the underlying dystrophin mutation, edasalonexent may potentially be effective in all patients with DMD. This could lead to use either as monotherapy or in combination with dystrophin-targeting or myostatintargeting-therapies to augment reduction in muscle inflammation and degeneration, and enhanced muscle regeneration.
The patient population had decreased ambulation and endurance similar to similarly-aged DMD patients [40, 42] , which were reduced compared to historical data for healthy subjects of similar age. PODCI scores were similar to previously reported data for young DMD patients and were 20-30% lower than scores in healthy boys of similar ages [41] . There is a great need for interventions in this patient population that could impact the natural decline in ambulation and strength expected over time [54] .
CONCLUSIONS
This first study in pediatric patients with DMD showed that edasalonexent was well-tolerated and inhibited NF-κB pathways after one week of dosing. These results support further clinical development of edasalonexent and the dose regimen selection in Part B (12-week double-blind, placebo-controlled) of the study in pediatric patients with DMD.
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